Double network (DN) hydrogels as one kind of tough gels have attracted extensive attention for their potential applications in biomedical and load-bearing fields. Herein, we import more functions like shape memory into the conventional tough DN hydrogel system. We synthesize the PEG-PDAC/P(AAm-co-AAc) DN hydrogels, of which the first network is a well-defined PEG (polyethylene glycol) network loaded with PDAC (poly(acryloyloxyethyltrimethyl ammonium chloride)) strands, while the second network is formed by copolymerizing AAm (acrylamide) with AAc (acrylic acid) and cross-linker MBAA (N, N ′ -methylenebisacrylamide). The PEG-PDAC/P(AAm-co-AAc) DN gels exhibits high mechanical strength. The fracture stress and toughness of the DN gels reach up to 0.9 MPa and 3.8 MJ/m 3 , respectively. Compared with the conventional double network hydrogels with neutral polymers as the soft and ductile second network, the PEG-PDAC/P(AAm-coAAc) DN hydrogels use P(AAm-co-AAc), a weak polyelectrolyte, as the second network. The AAc units serve as the coordination points with Fe 3+ ions and physically crosslink the second network, which realizes the shape memory property activated by the reducing ability of ascorbic acid. Our results indicate that the high mechanical strength and shape memory properties, probably the two most important characters related to the potential application of the hydrogels, can be introduced simultaneously into the DN hydrogels if the functional monomer has been integrated into the network of DN hydrogels smartly.
I. INTRODUCTION
As a kind of smart "soft and wet" materials with three-dimensional network structure, hydrogels have attracted great attention in many fields [1] [2] [3] [4] [5] . Generally, hydrogels have high permeability to small molecules and can respond to various stimuli, such as temperature, pH, light, enzymes, etc. [6] [7] [8] [9] [10] . However, the poor mechanical properties restrict their applications in more attractive area like tissue engineering and contact lenses [11] . Previously, several strategies have been explored to enhance the mechanical strength of hydrogels, including topological gel [12] , tetra-PEG gel [13] , nanocomposite hydrogel [14] , and double network (DN) gel [15] . Double network gels as one kind of extremely tough hydrogels have a very special interpenetrating network structure [16, 17] . The DN gels with an opti-mized structure exhibit high water content (90%), excellent strength (failure tensile stress 1−10 MPa, strain 1000%−2000%; failure compressive stress 20−60 MPa, strain 90%−95%), and toughness (tearing fracture energy of 100−1000 J/m 2 ) [18] . By altering the compositions of DN gels, the mechanical properties will change accordingly [17, 19] .
Generally, conventional double-network gels were prepared in two steps. The first polyelectrolyte gel was synthesized and further immersed in a solution of the second monomer for fully swollen, then the second neutral gel was obtained in the presence of the first gel [15, 20] . In particular, the double-network gels consist of two contrasting structures. The densely cross-linked first network in low concentrations was rigid and brittle, usually serving as a sacrificial bond that fractures at an early stage of deformation to dissipate a large amount of energy; while the sparsely cross-linked second network was flexible and concentrated, maintaining the integrity of the DN hydrogels [18, 21, 22] . The fracture process of the first network enormously increased the toughness of DN gels. This DN concept was considered applicable to any chemical species of polymeric materials if the aforementioned contrasting DN structure was satisfied [19] .
For extensive application, Gong and her coworkers synthesized various DN gels from kinds of chemical species [23, 24] . In addition, Chen et al. prepared a double network hydrogel with high mechanical strength by combining poly(N,N -dimethylacrylamide) (PDMAAm) and sodium hyaluronate (HA) [25] . Tasuku Nakajima et al. found the first network can be not only polyelectrolytes but also a neutral network loaded with polyelectrolytes [19] . Unfortunately, in order to construct the contrasting networks and make more seed monomers of the second network into the first network, the candidate species for the soft and ductile second network in these DN gels are neutral constituents. If electrolytes can be introduced into the second network of DN gels, some interesting functions might be introduced. As well known, acrylic acid, a weak electrolyte was extensively designed to synthesize redox or light responsive hydrogels based on the complexation between carboxyl group of acrylic acid and ferric ions, and these prepared hydrogels have sol-gel transition character [26, 27] . and shape memory behavior [28] . Shape memory hydrogels have potential applications in soft robotics, shape memory toys, and smart textiles. If the neutral monomers of the second network can be replaced by acrylic acid and then polymerized in the presence of the first network, the obtained DN gels will possess both high mechanical strength and extraordinary responsiveness.
In this study, firstly the PEG gel is synthesized by the reaction of norbornene end-functionalized PEG with a tetra-functional thiol cross-linker PETMP (pentaerythritol tetra(mercaptopropionate)). Then we use the PEG gel as the first network and the second network is constructed by the copolymerization of acrylic acid (AAc), acrylamide (AAm) and N, N ′ -methylenebisacrylamide (MBAA). In order to make the PEG gel fully swollen and obtain a rigid and brittle first network, PDAC as polyelectrolyte is introduced into the first network before the PEG gel is immersed into the precursor solution of second network. The high swelling degree of the first network is mainly promoted by the increased osmotic pressure, which is caused by the dissociated counter-ions of polyelectrolyte [29] . The dissociation of Cl − ions from PDAC will make the PDAC carry a large number of positive charges. However, the introduction of electrolytes with negative charges as the seed monomer for the second network will shield the positive charges of PDAC and the swelling degree of PEG gel will decrease. Accordingly, we use weak electrolyte AAc and copolymerize it with AAm to decrease the shielding effect caused by the interaction between dissociated PDAC and the dissociated acrylic acid. As a result, the first network is well extended and we obtained a high strength DN gel, of which the second network was copolymers of acrylic acid and acrylamide. The mechanical measurement exhibits the hydrogels have high tensile strength and toughness. The fracture stress and toughness of the DN gel (1 mol/L AAc and 3 mol/L AAm) reach up to 0.9 MPa and 3.8 MJ/m 3 , respectively. Furthermore, as for the extra application of the DN gels with polyelectrolytes (PAAc-co-PAAm) as the second network, the obtained hydrogels exhibited ascorbic acid activated shape memory properties.
II. MATERIALS AND METHODS

A. Materials
Polyethylene glycol 4000, 2-hydroxy-4 ′ -(2-hydroxyethoxy)-2-methylpropiophenone, N,N ′ -dicyclohexylcar bodiimide (DCC), 5-norbornene-2-carboxylicacid (98% mixture of endo and exo), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), 2-acrylamido-2-methylpropanesulfonic acid sodium (AMPS) and 4-(dime thylamino)pyridine (DMAP) were purchased from Sigma-Aldrich.
Acryloyloxyethyltrimethyl ammonium chloride (DAC), N, N ′ -methylenebisacrylamide (MBAA), acrylamide (AAm), acrylic acid (AAc), sodium chloride (NaCl), pyridine, ascorbic acid and iron(III) chloride hexahydrate were obtained from Sinopharm Chemical Reagent Co. Ltd. and used as received.
B. Synthesis of PEG-2norbornene (norbornene-PEGnorbornene)
Norbornene-functionalized PEG was prepared by a previous report [30] . Briefly, 5 equivalent (equiv.) DCC with respect to PEG hydroxyls, was reacted at room temperature with 10 equiv. 5-norbornene-2-carboxylic acid and the solvent was anhydrous dichloromethane. After a white by-product precipitate formed (dicyclohexylurea), indicating the formation of dinorbornene carboxylic acid anhydride, the solution was stirred for 30 min. In a separate vessel, PEG (M n =4 kDa), 5 equiv. (with respect to hydroxyls) pyridine and 0.5 equiv. DMAP was dissolved in anhydrous dichloromethane and then added into the solution containing dinorbornene carboxylic acid anhydride. The reaction was stirred overnight, after which the mixture was filtered. The filtrate was washed with 5% sodium bicarbonate solution and the product was precipitated in ice-cold diethyl ether twice. 1 H NMR spectra were recorded on a Bruker Advance 400 M NMR spectrometer with CDCl 3 as solvent. 
C. Synthesis of PEG gels
The PEG gels were prepared by a previous method [31] . The norbornene end-functionalized PEG (M n =4 kDa) (100 mg, 2.5×10 −2 mmol), PETMP (6.1 mg, 1.25×10 −2 mmol), and 2-hydroxy-4 ′ -(2-hydroxyethoxy)-2-methyl-propiophenone as photoinitiator (1 mg) were dissolved in DMF (0.9 mL). The precursor solution was put into the glass mold or syringe and then exposed to ultraviolet light with a wavelength of 365 nm for 1.5 h. The obtained gels (called as-prepared PEG gels) were removed from the mold and repeatedly washed with excess DMF to remove unreacted materials. Finally, the gels were immersed in excess deionized water, which was to remove DMF.
D. Synthesis of PEG-PDAC gels
The PEG gels were immersed in 0.6 mol/L DAC solution and 0.1 mol% of 2-hydroxy-4 ′ -(2-hydroxyethoxy)-2-methylpropiophenone for 3 days. The gels were then sandwiched between two glass plates and wrapped by a plastic film. Finally, the gels were irradiated by 365 nm UV for 7 h under nitrogen atmosphere. The obtained PEG gels containing PDAC were called PEG-PDAC gels.
E. Synthesis of DN gels
A part of the PEG-PDAC gels was immersed in the second network precursor solution containing 2−4 mol/L of AAm, 0−2 mol/L of AAc, 0.02% of MBAA and 0.01% of 2-hydroxy-4 ′ -(2-hydroxyethoxy)-2-methylpropiophenone for about 18 h, and the total monomer concentration was 4 mol/L. Then the gels were sandwiched between two glass plates and wrapped by a plastic film. After that the gels were irradiated by 365 nm UV for 7 h to synthesize the second P(AAm-coPAAc) networks within the PEG-PDAC gels. The obtained PEG-PDAC/P(AAm-co-AAc) gels were directly used for testing. In addition, the PEG-PDAC/P(AAmco-AMPS) gels were obtained by replacing AMPS with AAc.
The DN hydrogels were prepared by three steps as above through a molecular stent method [19] , and the schematic of the synthesis is shown in FIG. 1.
F. Swelling measurements
The one-dimensional swelling degree of the PEG gels is calculated by using the expression α=d/d 0 , where d is the thickness of PEG-PDAC gels after being immersed in the second monomer solution for 18 h and d 0 is the thickness of as-prepared PEG gels.
G. Mechanical measurements
Tensile tests were performed on cylindrical shaped P(AAm-co-AAc) gels, dumbbell shaped PEG gels and PEG-PDAC/P(AAm-co-AAc) gels. The tensile velocity was 100 mm/min. The tensile stress was defined as the force divided by the original cross-sectional area. The tensile stress was defined as the length of the deformed sample divided by that of the sample in the relaxed state. The fracture tensile stress and strain were determined by the breaking point of the stress-strain curve. The yield point was defined as where the slope of the stress-strain curve is zero. The work of extension W DOI:10.1063/1674-0068/31/cjcp1710188 c ⃝2018 Chinese Physical Society was determined as the area under tensile stress-strain curves.
H. Shape memory behavior
Firstly, a strip of hydrogel (width 3 mm, thickness 2.45 mm and length about 2.8 cm) was fixed at "U" shape and immersed into 0.5 mol/L FeCl 3 solution for 1 h to form the temporary "U" shape. Then the hydrogel was transferred into 0.5 mol/L ascorbic acid solution to recover the initial shape. The shape fixity ratio and recovery ratio were measured by a previous method [32] . The shape fixity ratio (R f ) and recovery ratio (R r ) were calculated by the expression R f =θ t /θ i and R r =(θ i −θ f )/θ i , where the θ i is the given angle, θ t is the temporarily fixed angle, and θ f is the final angle.
III. RESULTS AND DISCUSSION
A. Swelling properties of PEG gels
The swelling ability of the first network in DN hydrogel system is an important criterion in the final stage of the DN hydrogel preparation. Enough swelling ability facilitates the extension of the first PEG network, which increases the PEG network's rigidity, and enriches the concentration of second network seed monomer inside the hydrogel before final polymerization. However, the neutral PEG gel as the first network shows poor swelling ability in the second monomer solution containing AAm and AAc. To overcome this circumstance, polyelectrolytes, PDAC, are introduced into the DN hydrogel system, which significantly increase the swelling degree of neutral PEG gel. The volume of PEG gel containing PDAC increases dramatically after immersed in the second monomer solution, for comparison, the volume of the neutral PEG gel has little change for 18 h. FIG. 2(a) shows the one-dimensional swelling degree, α, of the PEG gels with various AAc and AAm concentrations. Here, the one-dimensional swelling degree of PEG gels means the ratio of the thickness of PEG-PDAC gels after being immersed in second monomer solution for 18 h to the thickness of the as-prepared PEG gels. And it was used to measure the extension of the PEG network. Obviously, swelling degree of PEG-PDAC gels will decrease with the increase of AAc concentration. The reason ascribed to the swelling of gels is an extra osmotic pressure, which is induced by the dissociated counter-ions [29] , and the increased osmotic pressure can promote the swelling of gels [33, 34] . Due to the high dielectric constant of water, when the PEG gels containing PDAC were immersed in the distilled water or AAm aqueous solution, the Cl − ions tied with CH 2 N + (CH 3 ) 3 ions will dissociate from PDAC and then the osmotic pressure will increase, which will lead the gels fully swollen. The acrylic acid as a weak electrolyte in the second monomer solution will decrease the swelling ratio of PEG gels. We conjecture that this phenomenon is a result of partial ionization of AAc. And the dissociation of Cl − ions from PDAC will make the field of the PDAC positive and a number of ionized acrylic acid will be attracted. Subsequently, the net charge of the polycation might be reduced and the osmotic pressure may also be reduced. With the increase of AAc concentration, the content of ionized AAc will increase and more positive charge of PDAC will be shielded. Thus the swelling degree of PEG gels will decrease.
In order to further prove the effect of ions on the swelling degree of PEG-PDAC gels, parts of the gels are immersed in various concentration of NaCl solution. As shown in FIG. 2(b) , the one-dimensional swelling degree of PEG gels decreased with the increase of NaCl concentration. Compared to the AAc, a little content of NaCl can make the swelling degree of PEG gels decrease a lot. For example, after the PEG-PDAC gel was immersed in 1 mol/L AAc and 3 mol/L AAm mixed solution for 18 h, the one-dimensional swelling degree of PEG gel was about 2.47. While only 0.001 mol/L NaCl solution can make the swelling degree of PEG gel decrease to 2.466. It is clearly that the existence of ions in the second network precursor solution will decrease the swelling degree of PEG gels. But AAc as a weak DOI:10.1063/1674-0068/31/cjcp1710188 c ⃝2018 Chinese Physical Society electrolyte, and it can only ionize a little amount and shield little ions in the system. Despite of the moderate concentration of AAc, the one-dimensional swelling degree is still large. At large α, the first network PEG chains are in extended state. With the decrease of α, the chains are gradually coiled [35] .
B. Mechanical properties of PEG-PDAC/P(AAm-coAAc) DN gels
The extensive swelling of PEG-PDAC gels facilitates the preparation of a typical double-network hydrogel, resulting in the significant improvement of mechanical properties subsequently. The prepared PEG-PDAC/P(AAm-co-AAc) DN gels show high mechanical performance. FIG. 3(a) shows the tensile stress-strain curves of the PEG-PDAC/P(AAm-co-AAc) DN gel (1 mol/L AAc and 3 mol/L AAm), the single-network PEG gel and P(AAm-co-AAc) gel (1 mol/L AAc and 3 mol/L AAm). The single-network PEG gel was too weak, which suffered fracture at low stress and strain. From FIG. 3(a) , although the single-network P(AAmco-AAc) gel shows much higher fracture stress than the single-network PEG gel, also suffered fracture under low stress. For comparison, the PEG-PDAC/P(AAm-coAAc) gel (1 mol/L AAc and 3 mol/L AAm) had excellent mechanical strength (high fracture stress (0.9 MPa) and fracture strain (8.3)). It is obvious that the DN gel has higher mechanical strength than single network gels.
As mentioned before, AAc units in the second network serve as the physical crosslinking point for further coordinating with Fe 3+ . For this consideration, the concentration of AAc should be above a certain value to maintain an enough crosslinking density with Fe 3+ . But in previous swelling section, the data and analysis show that too high AAc concentration results in limited swelling degree of PEG-PDAC gels, which has huge influence on the mechanical performance of the final DN hydrogel. This might be attributed to the following reason. Different swelling degree leads to different extension ratios of PEG network which acts as the first network. Extensive studies showed that the high mechanical strength and excellent toughness was related to the extension and further fracture of the brittle first network [36] [37] [38] [39] . The extension and fracture of the first network dissipated a lot of energy to toughen the DN gel [17, 18, 40] . Under the above consideration, the ratio of concentration of AAc and AAm monomers should be set at a suitable range. The ideal ratio for the two monomers should balance the strength of the hydrogel with enough concentration of AAc monomer. As a consequence, it is necessary to research the relationship between the swelling degree of PEG gels and the mechanical strength of DN gels. Subsequently, we synthesized a series of PEG-PDAC/P(AAm-co-AAc) DN gels with various AAc concentration and evaluated their strength and toughness. FIG. 3(b) shows the tensile stress-strain curves of the PEG-PDAC/P(AAm-co-AAc) DN gels with various AAc concentrations. In addition, the σ f and W values of PEG-PDAC/P(AAm-co-AAc) DN gels with various AAc concentrations are listed in Table I . Here, the tensile fracture stress σ f was usually regarded as the index of strength. The work of extension W defined as the area under the tensile stress-strain curves, which is the total work required to break a unit volume of a material and was used to measure the toughness of material [19] . The result shows that the PEG-PDAC/P(AAmco-AAc) DN hydrogel exhibits high mechanical strength and toughness at low AAc concentration and shows poor mechanical strength and toughness at high AAc concentration. Moreover, the PEG-PDAC/P(AAm-coAAc) DN gels show yielding-like behavior, which has been generally observed in tough DN gels previously [19, 36] . In contrast, when AAc concentration was more than 1.5 mol/L, the disappeared yielding-like behavior limit the materials mechanical performance, especially for the work of extension W . Based on the swelling degree of PEG-PDAC gels, mechanical and toughness of PEG-PDAC/P(AAm-co-AAc) DN gels, and tensile stress-strain curves of the DN gels, we found that when the swelling degree of PEG gels was high, the mechan- ical strength and toughness of DN gels were excellent. Takahiro Matsuda et al. proposed that when the DN gels are subjected to force, the brittle first network will break and dissipate energy, which will increase the energy required to completely fracture DN gels [35] . In our DN gel system, when the swelling degree of PEG gel is higher, the PEG chains are more brittle and easier to break, which will increase the energy to break the PEG-PDAC/P(AAm-co-AAc) DN gel. Eventually, the mechanical strength and toughness of the DN gel will get enhanced.
In addition, some researches [17, 18] reveal that more entanglement between the second network and the first network will help transfer force, and the first network is more prone to fracture to dissipate energy, which is helpful for strengthening DN gels. In our DN gels, the high swelling degree of the PEG gels leads to abundant seed monomers of the second network penetrating into the PEG-PDAC gels. After polymerization, the entanglement between PEG networks and P(AAm-co-AAc) networks will be high enough to enhance the strength and toughness of the DN gels. In contrast, the poor swelling degree of PEG gels has much soft PEG chains, which is hard to break to dissipate energy. Also, this will weaken the entanglement between PEG networks and P(AAm-co-AAc) networks, leading to a poor mechanical performance. All these results and theories demonstrate the importance of the swelling degree of the first network in achieving a high mechanical performance DN hydrogel.
Furthermore, FIG. 3(b) shows that the fracture stress of the PEG-PDAC/P(AAm-co-AAc) gels with moderate AAc concentrations remains a high level and the fracture strain exceeds 800% (DN-3, AAc concentration is 1 mol/L). According to Table I , the PEG-PDAC/P(AAm-co-AAc) DN gels show higher σ f and W than the single network PEG gel and P(AAm-coAAc) gel. When the AAc concentration is 1 mol/L, the PEG-PDAC/P(AAm-co-AAc) DN gel exhibit high σ f   FIG. 4 (a) A strip of the representative sample with a width of 2.5 mm and a thickness of 2.42 mm lifts up a steel block of 500 g in weight; and (b) The representative sample is elongated to several times of its original length.
(0.9 MPa) and excellent W (3.8 MJ/m 3 ), which is comparable to those of the DN gels prepared by molecular stent method [19] . As shown in FIG. 4 , a strip of the representative sample with a width of 2.5 mm and a thickness of 2.42 mm could lift up a steel block of 500 g in weight, and could be elongated to several times of its original length. Moreover, the PEG-PDAC/P(AAmco-AAc) gel with 1 mol/L AAc concentration has shape memory effect. Therefore, the PEG-PDAC/P(AAm-coAAc) DN gel with 1 mol/L AAc and 3 mol/L AAm was selected as a representative sample for further study.
C. Effects of swelling degree of the first network on the mechanical strength of DN hydrogels
It is worth noting that the introduction of AAc into the second network also introduced ion interaction between linear PDAC and P(AAm-co-AAc) network. But the ion interaction has little contributions to the improvement of the mechanical strength of DN gels. On one hand, the high toughness and excellent mechanical strength of DN gels come mainly from the combination of brittle and ductile networks [17, 24, 40] . On the other hand, the pK a of AAc in water is 4.25 at 25
• C [41] , which means only small amount of AAc will be ionized in water, and hence the ion interaction between linear PDAC and P(AAm-co-AAc) network is weak. On top of that, experiments above demonstrate that the introduction of AAc does not increase the mechanical strength and toughness of DN gels, instead, the high concentration of AAc decreases those of DN gels. Obviously, it is the swelling degree of the first network that has great influence on the mechanical properties of PEG-PDAC/P(AAm-co-AAc) DN gels.
As mentioned before, the effect of strong electrolytes on the swelling properties of PEG-DAC gels was tremendous. A little strong electrolytes can make the swelling properties of PEG-DAC gels decrease a lot. To further illustrate the influence of the swelling degree of the first network on the mechanical properties of DN gels, AMPS as strong electrolytes were introduced into the second network of DN gels. On one hand, there exists ion interaction between negative charged AMPS and positive charged PDAC, on the other hand, the ion interaction will lower the swelling degree of the first network . FIG. 5 shows the tensile stress-strain curves of PEG-PDAC/P(AAm-co-AMPS) gels. The total monomer concentration of the second network precursor solution was 4 mol/L. When the AMPS concentration was 0.005 mol/L, the fracture stress of the PEG-PDAC/P(AAm-co-AMPS) DN gel was about 1.23 MPa. While the AMPS concentration reached 0.05 mol/L, the fracture stress of the DN gel was only 0.31 MPa. It is obvious that the high AMPS concentration lowered the fracture stress of the DN gel. Therefore, it is necessary to observe the swelling degree of the PEG gels with various AMPS and AAm concentrations. When the AMPS concentration was 0.005 mol/L, the swelling degree of PEG gel was about 2.38, which is beneficial to the permeation of the substantial monomers of the second network into the PEG gels. Therefore, the relatively high swelling degree of PEG gel and the entanglement between PEG networks and P(AAm-co-AMPS) networks both will strengthen the PEG-PDAC/P(AAmco-AMPS) DN gels a lot. However, when the AMPS concentration reaches 0.05 mol/L, the swelling degree of PEG gel was about 1.9. The poor swelling ability of the PEG gel makes the PEG network soft and seriously prevents more monomers of the second network into the PEG gel. Thus, the tensile stress of the PEG-PDAC/P(AAm-co-AMPS) gels decreased a lot when the AMPS concentration increased. The results also indicate that the high swelling degree of the first network was the main reason for the mechanical improvement of DN gels.
D. Redox-responsive shape memory performance
Fe
3+ had been introduced into networks of gels and it could coordinate with carboxyl groups as a crosslinking points [26, 42] . The coordination interactions between Fe 3+ and carboxyl group behave as reversible sacrificial bonds to dissipate energy, which enhanced the mechanical properties of gels [43] . Nevertheless, a previous research reported that the carboxyl group could form much weaker complexation with Fe 2+ than Fe 3+ [27] . Since the Fe 3+ -carboxyl complexation is redox-sensitive, the ascorbic acid can reduce Fe 3+ to Fe 2+ , and the gels can exhibit ascorbic acid-responsive shape memory behavior. After immersed into FeCl 3 solution, the Fe 3+ ions are introduced into the hydrogel and complexed with carboxyl groups. Therefore, a temporary shape can be fixed by the additional crosslinking points, and the gel can be switched from a temporary shape to the original shape through weakening or breaking the cross-linking. As shown in FIG. 6(a) , after immersing the "U" shaped representative sample into 0.5 mol/L FeCl 3 solution for 1 h, the original straight hydrogel was fixed at a "U" shape as a result of the introduction of coordination interaction into the hydrogel. Meanwhile, endowed by Fe 3+ ions, its color changed from transparent to brown. In order to recover the "U" shape to the original shape, the hydrogel was immersed into 0.5 mol/L ascorbic acid solution. With the color of the gel changing from brown back to transparent, the temporary "U" shape is unable to be sustained and its original straight shape will recover in 1 h, which indicates that the Fe 3+ is reduced to Fe
2+
and Fe 3+ -carboxyl complexation is broken. Then the gel performed a shape memory behavior again. Tensile tests of the representative sample with and without Fe
3+ are used to demonstrate the mechanical enhancement of the complexation between Fe 3+ ions and carboxyl groups for the hydrogel . FIG. 6(b) shows the stress-strain curves of the representative sample with and without Fe 3+ . When introducing Fe 3+ ions into gels, the fracture stress will increase from 0.9 MPa to 2.7 MPa. This mechanical enhancement made the fixity of the temporary shape possible. During the whole process, the shape fixity ratio (R f ) reached 85% and the shape recovery ratio (R r ) could be above 95% (FIG.  6(c) ). Actually, the PEG-PDAC/P(AAm-co-AAc) DN gels have no shape memory effect when the AAc concentration was 0 and 0.5 mol/L.
IV. CONCLUSION
In conclusion, we have prepared a PEG-PDAC/ P(AAm-co-AAc) DN hydrogel via a double network gels preparation method. Compared to the conventional double-network gels, of which the second network is neutral polymer, the PEG-PDAC/P(AAm-co-AAc) DN hydrogels use P(AAm-co-AAc), a weak polyelectrolyte, as the second network. The PEG-PDAC/P(AAm-coAAc) DN hydrogel exhibits high mechanical strength as expected. Moreover, after being treated with FeCl 3 solution, the PEG-PDAC/P(AAm-co-AAc) DN hydrogel is endowed with ascorbic acid activated shape memory properties. Importantly, we find a new way to prepare DN gels both with high mechanical strength and ascorbic acid activated shape memory properties. , and (c) the shape fixity ratio R f and shape recovery ratio Rr in shape memory behaviours for 3 cycles.
